This paper describes the theoretical investigations which have been made in an effort to clarify several well-established but unexplained observations by previous workers who have carried out experiments by the unusual osmotic-pressure technique known as isothermal distillation. The treatment is essentially thermodynamic, and leads to the derivation of equations which agree with the accumulated experimental evidence while showing how substantial improve ments in performance can be achieved by designing the apparatus in accordance with the guidance given by the theoretical study* One of the derived equations stresses the importance of good thermal conduction between the solvent and solution inside the stillhead, while another gives a quantitative relationship between thermostat temperature fluctuations and osmoticpressure errors. A description is then given of the essential features of the experimental apparatus which has been built for the application of these theoretical advances to the measurement of the molecular weights of high polymers.
be thoroughly evacuated before introducing the liquids, and the latter require a preliminary degassing operation. When these conditions are fulfilled and the pore size of the disk is sufficiently small, the tension or ' hydrostatic drag ' on the solvent can be increased to a value which balances the osmotic pressure of the solution, and at this point the net rate of distillation of solvent between the two liquid phases becomes zero. I t was the introduction of the porous disk and the principle of the adjustable hydrostatic drag by Frazer & Patrick (1927) which made it possible to use the isothermal still as a practical alternative to the classical osmometer for molecularweight determination. The latter requires a carefully prepared and truly semipermeable membrane, and for some solutions of long straight-chain polymers it is impossible to achieve complete retention of the solute without reducing the rate of passage of solvent through the membrane to negligible values. In the isothermal still there is no such difficulty, because the two liquid phases are not in contact with each other, although distillation between them can take place through the common vapour phase. The sintered glass disk has a pore size of the order of 1 to 10/q which is far greater than the molecular dimensions of the common solvents, so it cannot interfere with the distillation process, and its purpose is merely to act as a porous support from which the solvent can hang when hydrostatic drags are applied.
The underlying theory of the isothermal still can be most easily understood by contrasting its operation with th at of the classical type of osmometer. In the latter, the chemical potential of the solvent in the solution phase is depressed below its standard value Gi by the addition of solute molecules, and it is only when this depression is balanced by an equal and opposite change in the chemical potential, brought about by the greater hydrostatic pressure of the column of solution over the membrane, th a t equilibrium is attained. An interesting consequence of this state of affairs is th a t the solvent and solution in contact with the semi-permeable membrane must give identical vapour pressures a t equilibrium, since vapour pressure is a manifestation of the chemical potential of a substance.
In the isothermal still, the chemical potential of the solvent molecules in the solution phase is depressed by the solute molecules as in the classical process, but instead of restoring equilibrium by the application of a positive hydrostatic pressure to the solution, the compensation is effected by applying a negative hydrostatic pressure to the solvent. When exact balance has been attained, the chemical poten tials and consequently the vapour pressures of the solvent in the two liquid phases will be equal and distillation will cease. I t can easily be shown th a t the two methods will give practically indistinguishable values for the osmotic pressure tt of the solution. In either case, the introduction of the solute molecules will reduce the chemical potential of the solvent by an amount which can be represented by the symbol A(tx. The compensation which is effected by hydrostatic pressure in the classical method, or by a hydrostatic drag in isothermal distillation, obeys the fundamental thermodynamic relations (1) in the pure solvent phase, and = Vx
in the solution. Rearranging and integrating up to the limit which represents the equilibrium pressure or tension, we find for isothermal distillation, and
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for the classical method. Because of the extremely low compressibility of liquids, Vx and Vx can be treated as constants, so we find A ~ T/ ,
for isothermal distillation, and AGX =
for the classical method. Both Afjrj and A Gx, which represent the balancing changes in chemical brought about by hydrostatic pressure or drag, are equal to the change in chemical potential arising from the presence of solute molecules, and they are therefore equal to each other. From equations (5) and (6) we then find 00 This ratio is very nearly unity, even at relatively high solute concentrations, for a wide variety of systems (Meyer, Wolff & Boissonnas 1940; Wolff 1940; Hagger & Van der Wyk 1940) . But even if it is found that Vx 4= over part of the concentration range, this would not affect the calculation of molecular weights from the osmotic data, because this involves an extrapolation to infinite dilution. As the dilution is increased, Vx approaches Vx asymptotically, until in the limit the two become iden tical (Lewis & Randall 1923, p. 44) and from equation (7) it is obvious th a t the method by which n is obtained does not matter.
The extrapolation to infinite dilution is a simple m atter when there is no appre ciable interaction between solvent and solute (Meyer et al. 1940; Wolff 1940; Hagger & Van der Wyk 1940; Boissonnas & Meyer 1937; Caspari 1914; Schulz 1936) . If such interaction occurs, extrapolation formulae of greater complexity are available, andshould be preferred (Powell, Clark& Eyring 1941; Flory 1942; Huggins 1942 Huggins ,1943 Alfrey & Doty 1945; Flory 1945; Zimm 1946) .
Van't Hoff's osmotic pressure equation
is not always valid at finite concentrations, but it is a precise limiting law, even for imperfect solutions, when infinite dilution is approached (Lewis & Randall 1923, chap. 20) . Substituting for N2 (the mole fraction of the solute) in terms of c (concen tration by weight), equation (8) can be rewritten in the form
and since Vx = Vx at high dilutions, there will be no distinction between the r given by classical and isothermal distillation data.
A very thorough thermodynamic comparison of these two-osmotic methods has been given by Wohl (1937) , and his paper should be consulted for fuller details. Its value is enhanced by the fact th at it clarifies some obscurities in an earlier publica tion by Thiel (1937) , and his treatm ent of the problem confirms what has just been written about the essential similarity of the results obtained by the two techniques.
In isothermal distillation, the datum from which the hydrostatic drags are measured is the level of the solution, rather than the level of the sintered disk. The underlying reason is th a t equilibrium can only be attained when the vapour pressure exerted by the stretched solvent in the disk differs from the vapour pressure of the solution by an amount which just balances the weight of the vapour between the two levels (figure 1, height 'h '). Thomson (1870 Thomson ( , 1871 and Poynting (1881 Poynting ( , 1896 showed that such a vapour-pressure difference is established by the hydrostatic drag of a column of liquid of the same height, and this correction term must always be introduced in order to arrive at true osmotic values. Its introduction is automatically arranged if the datum is the solution level.
The behaviour of the solvent in the pores of the disk raises some interesting pro blems. The suspended column is held by surface tension, and it follows th a t the maximum hydrostatic drag is a function of the diameter of the widest pore. As soon as the maximum value is exceeded, the solvent will fall away from this pore, and a vapour bubble will develop under the disk and spread until the column breaks away completely. But in the region where the hydrostatic drag is far less than this value all the pores will be filled completely, and the curvature of the liquid surface a t the top of each pore will adjust itself in conformity with the magnitude of the drag so as to develop the reduced vapour pressure which is thermodynamically calculable from this magnitude. As the drag approaches zero, the reduction in vapour pressure must also approach zero, and the liquid surfaces must become flat in the limit. At the other end of the working range, when the drag has been brought close to its limiting value, the liquid in the widest pores may move to positions below the top of the disk, but here again the curvature of the surfaces will be determined by the immutable relation between the drag and the reduction in vapour pressure.
Similar considerations apply to the solvent in the reference arm. Figure 1 shows an arrangement of the apparatus in which this arm is closed, and the hydrostatic drag has been adjusted to the equilibrium value rr. If the top of the arm is connected to the vapour space in the stillhead, the equilibrium will not be disturbed, because the differences between the vapour pressure of the pure solvent in the arm and the reduced vapour pressure of the solution in the stillhead will be exactly balanced by the weight of the column of vapour over the height . Even when the reference arm has an internal diameter of 1 or 2 mm. only, which is usually the case in practical equipment, the solvent experiences a small capillary rise which is associated with a curved surface and reduced vapour pressure, but the latter is exactly equal to the reduction in the vapour burden overhead. Correction for this effect is achieved simply by adding the calculated capillary rise to the observed drag.
All these considerations apply to a perfectly insulated isothermal still, in which equilibrium has been attained. Its behaviour under these conditions is controlled by simple thermodynamic principles, and the apparent complexities in the inter relation of levels, vapour pressures and hydrostatic tensions can easily be resolved by applying the classical formulae which were originally derived for the solution of problems involving curved surfaces and surface tensions. In this case, however, these two variables are incidentals, and it is sufficient to know th at they adjust themselves suitably in any given situation. The variation of vapour pressure with hydrostatic drag is the really im portant factor, and the principles of Thomson and Poynting can be applied to solve any problem of this sort.
E xperimental background
Before the porous-disk method was developed there was an alternative technique which was generally described as 'isothermal distillation'. I t was similar to the newer method in so far as distillation took place through a common vapour phase from one isolated liquid phase to another, but it differed by using a reference solution with known colligative properties which was equilibrated against the solution under examination (Barger 1904; Berl et al. 1930; Rast 1921; Signer 1930) , and the attainm ent of equilibrium was a very slow process. Gee (1940) has described a method of measurement which embodies features of both types of isothermal distillation, but does not include facilities for the establish ment of hydrostatic drags. Consequently, it lacks the flexibility of the porous-disk method.
In the rest of this paper, the subject-matter will be restricted to the field of porousdisk osmometry. The classical work of Frazer & Patrick (1927) was extended by subsequent investigators in the U.S.A. (Eichelberger 1931; Martin & Schulz 1931; Townend 1928) and Germany (Wohl 1937; Hess& Suranyi 1939; Ulmann 1931 Ulmann ,1933 , but the essential features were preserved. In all cases the measured osmotic pressures were sufficiently large to justify the use of a column of mercury in the reference arm for the measurement of the hydrostatic drag, whereas figure 1 in this paper shows an all-solvent system th at is more suitable for low osmotic pressures. B ut whatever the manometric arrangements, the experimental procedure is always the same. Distillation rates are measured at different hydrostatic drags, and when the results are plotted they are found to lie on a straight line which intersects the zero-rate axis at a point corresponding to the osmotic pressure of the solution. On diluting the solution and repeating the measurements, the plotted results once again fall on a straight line with a different intercept but with the same slope. This significant and frequently confirmed observation can be generalized by saying th a t a given iso thermal still will exhibit a definite ' distillation velocity constant ' which is indifferent to the nature or concentration of the solute in relatively dilute solutions, but depends substantially on the design of the apparatus and the nature of the solvent. Once this constant has been determined, the interpolation and extrapolation of experi mental results can be carried out with enhanced accuracy. These practical advantages have been fully recognized, but their theoretical significance has been overlooked by previous investigators. A quantitative treatm ent of the problem is given in the next section of this paper.
There is general agreement about the need for unusually precise thermoregulation of the stillhead. The theoretical aspects of this problem will be discussed in a sub sequent section, and in the meantime two typical examples will be quoted to indicate the importance of good temperature control. Hess & Suranyi (1939) observed a marked improvement in the consistency of their osmotic-pressure mea surements when the temperature fluctuations were reduced from 0'0030 to 0*0005° C, and Eichelberger (1931) found that much more reliable results were obtained when the control limits were altered from ± 0*0005 to + 0*0002° C. Such observations emphasized the need for unusually careful thermostat design, and stimulated the author's efforts to place the problem on a sound theoretical basis so th a t the errors in a given osmotic-pressure determination could be calculated as a function of the temperature aberrations.
Mechanism of the distillation process
Wohl (1937) has published experimental data for the distillation velocity constant which show th at it is relatively insensitive to temperature. This observation was reported with the comment th at it was difficult to understand or explain, his expecta tion being th at the greatly increased vapour pressure and vapour-pressure differences of the system would give much faster distillation rates at the higher temperatures.
Although this expectation was a plausible one, examination of the factors con trolling the distillation process shows th a t an entirely different sort of temperature coefficient can be predicted. The real rate-controlling factor is the resistance to thermal flow exerted by the undisturbed liquid layers and the glass walls of the solvent container. If the stillhead and its contents are imagined to be initially a t a constant temperature throughout, and to be perfectly insulated against extraneous thermal disturbances, a state of affairs exists which can only be reached when the hydrostatic drag is a t its equilibrium value. As soon as the drag is readjusted to a value not equal to n, a momentary vapour-pressure difference will be set up between the two liquid phases, distillation will begin, and the transfer of latent heat of vaporization will cool one liquid and warm the other. This will reduce the initial vapour-pressure difference to a vanishingly small value, because the vapour mole cules will have quick and easy access to both liquids, and the absence of inert gas means th a t there will be no diffusional resistance to their migration. Consequently, after the first transitory disturbance following the resetting of the drag, distillation will proceed a t a steady rate, the vapour-pressure difference will be negligible in comparison with its calculable isothermal value, and a temperature difference will be established between the two liquids. This temperature difference, which is maintained by the evaporation and condensation of the distilling molecules, keeps the condensing phase warmer than the distilling phase, and heat will consequently flow from the former to the latter by conduction through the liquid layers and the glass wall which separates them. The steady state will then be maintained with heat transferred by evaporation and returned by conduction a t equal rates. Qualitatively, the behaviour of the apparatus is similar to th at of a wet-bulb thermometer, which establishes a steady temperature depression by eliminating a vapour-pressure difference. The isothermal still, however, is much more efficient in this respect, because of the absence of inert gas.
Consider an example in which the hydrostatic drag P is greater than the osmotic pressure n. Distillation will then take place from the solution to the solvent, the initial vapour-pressure difference will become vanishingly small, and the solution will be maintained at a temperature T, with the solvent a t a higher temperature T + A T . Now calculate the steady-state temperature difference AT as a function of the hydrostatic drag. Let Ox = chemical potential of the pure sol vent a t T.
A G1 -change in the chemical potential attributable to the solute.
(AGX)P = change in the chemical potential caused by the hydrostatic drag.
(A GX)T = relative change in the chemical potential between the solvent and the vapour phase caused by the temperature rise AT.
When the steady state has been reached, the two vapour pressures will be identical with the vapour pressure of the common vapour phase, and the following relation will hold:
G°X + AGX G0 X + (AG '--i-----' = " --------------------------------'
solution solvent
B ut it was shown above that AG^ = (5,6) and by similar methods it can be proved th at
so after substituting these two relations we find
The drag values n and P are intrinsically negative in isothermal d we adopt the convention th at the negative sign is to be ignored, we have
The term (AG^)2, represents the relative gain in chemical potential of the solvent with respect to the vapour phase in contact with it when it is heated from T to (T + A T). I t can be transformed by means of the familiar thermodynamic relation
and since this operation is to take place reversibly, we can use the symbol for the molal heat of vaporization and write (15) When equations (14) and (15) are combined and introduced into (13a), we find
V T AT = (P -7T).
A This equation shows th at the steady-state temperature difference between the solvent and the solution will be directly proportional to the term ( ), which represents the magnitude of the unbalanced portion of the hydrostatic drag. At the true balance point, where P = n ,t he temperature difference will An independent equation for A T can now be set up by considering the steady-state conditions associated with the transfer of the latent heat of vaporization. Let us put Qd = rate at which heat is transferred by distillation, Qc = rate at which heat is conducted back to the distilling phase.
The former must be equal to the volumetric distillation rate multiplied by the latent heat of vaporization per unit volume, i.e. 
and the conducted heat will obey the familiar law
The quantity kc is the effective thermal conductance of the glass wall separating the solvent from the solution, plus whatever portions of these liquid phases are traversed by the conducted heat. In the example which we are considering, con duction takes place from the surface of the solvent to the surface of the solution, and the process is simplified by the fact th a t local distillation processes can quickly eliminate any temperature irregularities across the surface of each liquid. As a result of these phenomena, the process of pure conduction proceeds by the shortest path from p art of one surface to part of the other, and the local distillation processes are self-cancelling.
When the main distillation is proceeding steadily, Qc = QD, and we can combine equations (17) and (18) to give -(-]■ i w (19) When this equation is combined with (16), A can be eliminated, and we finally All the empirical results collected by previous investigators can be explained by applying this equation. At any given temperature the terms inside the square brackets are functions of the apparatus and solvent only, provided th at the solutions are not too concentrated. They consequently form a proportionality constant, which can be identified as the slope of the distillation velocity curves when (dv/dt) is plotted against P. The presence of the term correctly predicts zero tillation rates when P = n ,and also shows th at the velocity of distil proportional to the amount of hydrostatic unbalance in all other cases.
The presence of the T term indicates th at the velocity constant should vary directly with the absolute temperature, apart from any modifications attributable to small alterations in kc , Vx and hv However, the temperature co far smaller than Wohl expected it to be on the assumption th at it would follow the exponential course of the vapour-pressure curve. This is most clearly shown by comparing Wohl's experimental data with the distillation theory embodied in equation (20) . Since aqueous solutions were used, the appropriate physical constants for water at several temperatures were substituted in this equation, and since is unknown, it was assigned an arbitrary value to bring the curve into the field covered by Wohl's results. Figure 2 shows the results graphically. The solid line represents the effect of temperature as predicted by equation (20), and the individual points are Wohl's observations. When allowance is made for the experimental uncertainties which are manifested by the scattering of these points, it is apparent th at they are in reasonable agreement with the theory which has just been presented.
On the other hand, as Wohl himself reluctantly concluded, the assumption th at the rates of distillation are proportional to the vapour-pressure differences cannot be substantiated. In a perfectly isothermal system, the difference between the chemical potentials of the solvent in the two liquid phases is proportional to the hydrostatic unbalance (P -n), the exact relation being A Gx = (P If we write p 0 for the vapour pressure of the unstretched solvent, p for its pressure at osmotic equilibrium, an d p ' for its vapour pressure when the hydrostatic drag is P, we can set up the following vapour-pressure analogue for equation (21):
with A pr epresenting (p -p'), i.e. the very small difference in vapour pressure between solvent and solution caused by the hydrostatic unbalance
The value of the bracketed term in this equation is so close to unity th a t the following approximation can be used: Eliminating A 6?^ from equations (21) and (24) we find
A p = ^,(P-n).(25)
For any given value of (P -n), the calculable isothermal vapour-pressure dif be proportional to I t has already been shown th at the distillation process would make it impossible to realize these isothermal con ditions, but for the present we shall persevere with the assumption th a t the rates of distillation are proportional to A p ,in order to test it again is proportional to PqVJRT, the latter has been evaluated for water at several tem peratures, and each result has been multiplied by a common arbitrary constant to bring the final curve to mid-scale in figure 2. The results are given by the dashed line, which obviously bears no relation to the observed trend of the velocity constants with temperature, so any idea th a t the distillation rates might vary directly with the vapour-pressure differences can be discarded.
On the other hand, the mechanism which has been postulated in this paper, based upon steady-state temperature differences instead of vapour-pressure differences for off-balance operation, is theoretically tolerable and is in reasonable agreement with the scattered experimental results given by Wohl. Equation (20), which embodies the new theory, is susceptible to experimental confirmation, and it is hoped th a t suitable investigations will soon be carried out to establish its validity.
Apart from its role in explaining the low temperature coefficient of the distillation velocity constant, equation (20) shows the factors th a t must receive attention if increased distillation velocities are to be attained. First in importance is the hitherto neglected thermal conductance term kc . If the value of this term is increased, e.g. by using a thin separating wall of a highly conducting material between the solvent and solution, there would be a corresponding increase in the rate of distillation, all other things being equal. Care must be taken, however, to remove other thermal bottlenecks a t the same time, such as the relatively poorly conducting portions of the liquids which must be traversed by the migrating heat. For example, it has been found th a t if the level of the solution is either higher or lower than th a t of the disk, there is a marked decrease in the distillation velocity constant, whereas maximum rates are attained when these levels coincide. Such results would be inexplicable were it not for the guidance given by equation (20) . W ith its help, it is easy to see th a t the variations can be attributed to the changes in Jcc , because the thermal conductance will pass through a maximum when the conducting path is shortest, i.e. when the levels coincide.
One of the barriers to easy heat flow resides in the porous disk itself, and the use of a structural material with thermal properties better than those of glass is desirable. Sintered metal disks with the desired porosity have recently been marketed, and their metal casings could easily be provided with metal fins stretching out into the solution zone. Many other refinements are conceivable, once the overriding import ance of the thermal conductance term has been grasped.
Another method of accelerating the distillation process, and thereby reducing the time required for each observation, is to choose a solvent with a high molal volume and a low molal heat of vaporization. According to equation (20), the velocity of distillation varies with the square of the ratio of these quantities, and when numerical data for some of the common solvents are examined it is found th at many organic compounds fall into a group with fairly similar values for (Ff/Af), while water lags far behind them. This is unfortunate; since there is often no satisfactory alternative to an aqueous medium, but whenever such a possibility does exist, the physical properties of the alternative solvent should be evaluated to see whether an appre ciable increase in the distillation velocity is probable. In all cases, the contributory effect of the solvent to the overall value of kc should also be borne in mind. Equation (20) was developed for dilute solutions, and it is implied th a t the physical properties of these solutions are practically identical with those of the pure solvent, so th a t no alterations need be made in V± and Ar However, it should be pointed out th at the diffusion of the solute molecules may often affect the rate of distillation, although no simple generalizations can be made to cover the wide range of concentrations and solute types th a t may be involved. Concentration gradients would be significant a t high distillation velocities only, and would vanish a t the point where P = n , so a t the worst they could only alter the slope of the distilla curve without affecting the zero-rate intercept. In most of the isothermal stills so far built, distillation is so slow th at diffusion of the solute can easily keep pace with it. A different situation may arise when distillation is accelerated by attending to the factors which have been discussed in this section.
But no m atter how the off-balance rates of distillation are accelerated or retarded by the design of the apparatus, or by the properties of the solvent and solute, it must be emphasized th at the true balance point will be unaffected. At this point the rate of distillation becomes zero, the temperature difference between the solvent and solution vanishes, and the whole system is in a state of complete isothermal equilibrium, which is unaffected by kinetic factors. The corresponding hydrostatic drag is equal to the osmotic pressure of the solution.
The effect of temperature fluctuations
In the calculations which have just been presented, it was assumed th a t the solvent and solution were isolated from the influence of external temperature varia tions. This assumption made it possible to examine the fundamental kinetic and thermodynamic features of the distillation process, but in order to make the tre a t ment complete it must now be ascertained what occurs when these parasitic dis turbances from the surroundings are superimposed on the processes which occur inside the stillhead.
We shall first calculate the steady-state conditions when the system is operating under a hydrostatic drag P greater than n, so th a t distillation takes place from solution to solvent, and consider what must occur when an accidental fall in the therm ostat bath temperature causes heat to flow from the stillhead. The solution in the annular space will be cooled before the disturbance reaches the solvent, which is inside the annulus. Eventually, however, a steady state will be reached in which the original temperature difference AT (characteristic of a perfectly insulated still head in which distillation is occurring a t a finite rate) will be changed to a different value (AT -|-AT*). To simplify the problem, the flow of heat to the therm ostat will be imagined to occur a t such a rate as to maintain this disturbed temperature dif ference for a finite time, which means th a t the solvent and solution, temperatures will fall a t the same rate as soon as the temperature difference (AT + AT*) has been established between them.
The fundamental problem is to discover how far the hydrostatic drag on the system must be altered when the thermal disturbance occurs in order to keep the rate of distillation constant, i.e. to calculate the relation between the parasitic tem perature disturbance and the compensating alteration in the drag. Let Qc = rate of conduction of heat from solvent to solution in the undisturbed system. Q* -the same quantity when the thermal disturbance occurs. Qd = rate a t which heat is transferred by distillation in the undisturbed system. Q% = the same quantity when the thermal disturbance occurs.
Q*x
= rate a t which heat leaves the stillhead to the unbalanced thermostat. Tx -temperature of solution. T2 = temperature of solvent. kc = thermal conductance of the separating wall between the solvent and solution. 1cex = thermal conductance of the external wall of the stillhead.
Cx
= total heat capacity of the solution.
C2
= total heat capacity of the solvent. A T = steady-state temperature difference between the solvent and solution in the undisturbed stillhead. (AT + AT*) = the same quantity during the thermal disturbance. In order to establish an equation for we must carry out a heat-balancing operation on the two liquid phases. The steady-state conditions are given by
Isothermal distillation in the porous-disk osmometer and n Q l-Q % (27) and since dT2jdt = dTx\dt, w e can equate and rearrange with the followi « -® = e (c r^rJ.
For Q* we can substitute kc(AT + AT*), and since we have stipulated th at the hydrostatic drag is to be readjusted to keep the distillation rate constant, it follows th at Q% = Qd . But Qd = Qc and Qc = kc AT, so we can put Q *D = these substitutions are made in equation (28), we obtain Since Cx, C2 and kc are substantially constant, it follows th at the alteration in the temperature difference between the two solutions will be directly proportional to Q*x. Hence, the magnitude of the temperature shift can be diminished by reducing Q*x for a given bath-temperature aberration, i.e. by insulating the exterior of the stillhead. Equally well, the equation shows that a similar effect would be obtained by increasing the value of kc, which appears in the denominator, and since it has already been shown th at such an increase is desirable to assist distillation, this second factor enhances the importance of good conduction between the solvent and solution.
The intrusion of the parasitic temperature disturbance will alter the difference in chemical potential between the solvent and solution, and we must therefore intro duce an equal and opposite change in chemical potential by changing the hydrostatic drag to a new value P* in order to preserve the status quo.
The necessary thermodynamic relations have already been introduced and dis cussed in this paper. The enhancement of the chemical potential of the solution with respect to the solvent, following the temperature disturbance AT*, is given by
and the compensating alteration in the chemical potential of the solvent, which is effected by changing the hydrostatic drag, is (A(71)P = -( P * -P ) F 1.
Balance is restored when (A GX )T = (&GX)P, i.e. when ( P -P * ) = ^A T * .
We now have a general relation which can be used to calculate the alteration in the hydrostatic drag as a function of the temperature disturbance. I t depends entirely on the constants A1? Vx and T, so it is independent of the concentration of the solution, the type of solute and the distillation rate.
The most interesting application of these calculations is to the special case where the distillation rate is zero, since this is the point at which the osmotic pressure is determined. In the case of a completely isolated stillhead it has been seen th at when distillation ceases AT = 0 and P -n.
But when thermostatic imperfections upset this state of complete balance by altering the temperature difference from zero to AT*, a false distillation will occur. I t can be stopped by readjusting the hydrostatic drag to P*, and if we were to conclude that the absence of distillation a t this point was a sufficient criterion th at the hydrostatic drag equalled the osmotic pressure we could put P* = n*. However, by applying equation (32), which is a general relation for the disturbed state, we should find * = A (33>
AT* TVX '66)
This equation makes it possible to calculate the shift in the osmotic pressure from the true value n to the false value n* as a function of the parasitic temperature difference AT*. When numerical values are introduced for typical solvents in con sistent units, it gives an impressive idea of the refined temperature control th at must be attained for satisfactory osmotic-pressure determinations. For example, one of our projects involved measurements on solutions of certain polymers in toluene at 75° C. Equation (33) showed that the term Ax/TVX had a value of 6500 mm. Hg per ° C under these conditions, i.e. a temperature disturbance of 0-001° C would lead to an osmotic pressure error of 6-5 mm. Hg. This would not be serious in many investiga tions, but the solutions in which we were interested exerted osmotic pressures of 10 to 15 mm. Hg only, so th a t a fluctuation of 0-001° C caused by faulty thermostating would introduce an osmotic pressure error of about 50 %. With solutes of higher molecular weight or lower concentration this relative error would have become proportionately more serious, although the absolute error would still vary with the temperature disturbance as predicted by equation (33). Better results could be achieved by extending the time allowed for each experiment, so th at the fluctuations represented by the AT* term could take on positive and negative values which would to some extent be self-cancelling, but this would be a tedious and not altogether satisfactory expedient. The method which we actually adopted includes some novel features and will be described in the final section of this paper.
In all previously published examples, the stillheads have been immersed directly in the therm ostat liquid, so the bath fluctuations must have been communicated fairly rapidly to the solution chamber. We have already shown th at equation (29) represents the consequences of a drift of the therm ostat bath temperature from its mean value. This equation can be rearranged to give
But, if kex is the thermal conductance of the outer wall which separates the stillhead from the therm ostat bath liquid, and if i\Tex is the temperature difference across this wall, then n* _ \w ^5 ) Qtx k c x^I -e x ' By eliminating Q*x from equations (34) and (35) we find
Equation (36) resembles its parent equation (29) in suggesting the desirability of diminishing kex and increasing kc in order to reduce the magnitude of the dis turbances reaching the stillhead from the thermostat fluid. Such disturbances are the only ones which require attention in most isothermal stills, but in some cases stirrers have been used inside the stillhead to agitate the solutions, and the energy which they dissipate must inevitably introduce additional thermal errors. When small osmotic pressures are being measured these errors can be serious, so it is preferable to avoid the use of any stirring mechanism in this pa rt of the apparatus.
The theoretical importance of good thermoregulation has not been generally appreciated, and it is because of this oversight that so little has been done to extend the isothermal distillation technique to the high-polymer field, where the osmotic pressures are low, and the fluctuations in bath temperature are very important. When equation (33) is applied to the problem, it is easy to understand why several workers have reported an empirical qualitative relation between bath-temperature fluctuations and osmotic-pressure errors. But with the exception of Wohl, who compared the colligative properties of ideal aqueous solutions and emphasized the quantitative relation between boiling-point elevation and osmotic pressure, no one has grasped the theoretical importance of temperature regulation in isothermal distillation. Wohl also appreciated the fact th at there must be a temperature dif ference between the solvent and solution whenever distillation occurred, but failed to see that this would explain the low temperature coefficients which he had found experimentally. I t is only by sorting out the regular temperature differences (A which accompany ideal distillation from the temperature differences which have been modified by thermostat deficiencies (AT + A T *)that a complete picture of the interrelation of temperature and osmotic pressures can be presented.
The design of an improved isothermal still
The theoretical studies which have just been presented were actually brought to completion before specifications were drawn mp for an isothermal still, with the object of extending its field of usefulness to the high-polymer region. A quantitative approach was necessary in order to show what factors controlled the distillation rates and the osmotic-pressure aberrations. When this theoretical investigation was finished, the most essential equations-particularly (20) and (33)-were used as guides through the design stage.
The stillhead itself was the first component to benefit from the preliminary investigation. I t is clear th at a high value for the distillation velocity constant is desirable, since it reduces the time required to complete a given experiment, and gives a better ' cut ' on the zero-rate axis when the rates are plotted against the hydro static drags. Consequently, an effort was made to obtain improved thermal con ductance between the solvent and solution, since equation (20) had shown th at the distillation rate varied directly with kc . Attempts to seal a sintered-glass disk into a thin silver or copper tube were abandoned because of the difficulties involved in strain elimination, but a satisfactory all-glass design was finally evolved which differed from earlier models in so far as a high proportion of the solvent was contained in several coils of thin-walled small-diameter tubing, bathed on the outside by the solution. Measurement of the distillation velocity constants obtainable with this type of stillhead have confirmed its superiority over those previously described in the literature, even when allowance is made for differences in the V and A values of the solvents employed.
The relation between temperature fluctuations and osmotic-pressure errors, which is given by equation (33), was of overriding importance when the thermo regulation of the stillhead was being considered. The first requirement was to measure osmotic pressures of the order of 10 to 20 mm. Hg with an accuracy of + 1 %, using typical organic solvents. The theoretical equation showed th at this specification could not be met unless the parasitic temperature fluctuations were reduced to ± 2 x 10~5 ° C, and a survey of the literature indicated th at such refined temperature control was unlikely to be achieved with the usual type of thermostat. I t was even tually decided that the most hopeful alternative was to apply the conclusions already drawn from equation (36), i.e. to insulate the stillhead so efficiently th at the parasitic temperature shifts inside it would be negligible in comparison with the fluctuating temperature differences across this insulating layer.
A part from this insulated stillhead, it was necessary to provide a therm ostat which would reduce the tem perature fluctuations to as low an order of magnitude as possible. This apparatus was designed by Messrs Townson and Mercer Ltd. of Croydon, Surrey, and was constructed in the workshops of the Alkali Division Research Departm ent of Imperial Chemical Industries Ltd. I t consists of two concentric independently con trolled water-baths, isolated from each other by an unplasticized 'Perspex' box, with separate stirring systems employing high-velocity jets fed by centrifugal pumps. The outer bath is controlled to ± 0-01° C by the familiar 'off-on' method, using a mercury-toluene thermoregulator with a portion of the heater load fed back to the regulator as radiant energy to reduce timelags. The inner bath has an all-electric proportional control system based on a temperatureTsensitive W heat stone bridge immersed in the bath and connected to an external valve amplifier which in turn feeds a thyratron phase-shift control circuit. The valve circuit is essentially similar to the one described by Bancroft (1942) , but a decoupler has been introduced into the first stage of amplification and an adjustable centre-tap to earth in the valve heater circuits in order to reduce pick-up and to improve the stability of the amplifier. Protracted trials have been carried out on the complete thermostat, using a separate temperature-measuring circuit consisting of a platinum resistance thermometer of the DickinsonMueller type (Dickinson & Mueller 1913; Slight 1922 ) with a fundamental interval of 10 ohms, and a Smith bridge (Smith 1912) capable of detecting changes of 10~5ohm. These have shown th a t the inner bath can easily be controlled within limits of + 0-001° C for days a t a time, and any slow superimposed drift can be eliminated by F ig ure 3. Cross-section o f readjusting a fine control on the thermoregulator circuit th0 stillhead.
at weekly intervals.
The final step was the provision of a silvered Dewar jacket, which surrounds the stillhead and provides the necessary insulation. This simple and effective component is connected to an auxiliary system which can be used to maintain an extremely good vacuum or to provide an atmosphere of hydrogen in the jacket. Figure 3 shows the complete stillhead on a reduced scale.
Since all the components are joined together by seals a t the lower end only, closefitting spacers extend to the surrounding walls a t strategic points to stiffen the assembly. The tube marked 'pum ps' connects the Dewar gap and the auxiliary high-vacuum equipment, but it can also be switched over to the hydrogen supply system. This gas is introduced whenever improved thermal conductance is desired, e.g. When a fresh sample of solution has just been introduced into the stillhead. 
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When the sample has reached substantial temperature equilibrium with the therm ostat bath water, the hydrogen is removed and a hard vacuum is established in the jacket, which then becomes a very efficient insulator. The time constants of the Dewar gap and the glass wall separating the solvent and solution have both been determined experimentally from cooling-curve data, and th » following approximate values have been found: Dewar jacket, with H 2 at 1 atm. r = 20 min. Dewar jacket, evacuated r = 1000 min. Solvent-solution system r = 5 min.
From the last two values it can be shown th at the evacuated jacket will reduce the amplitude of any bath-temperature fluctuation by a factor of a t least 200, so th a t the maintenance of temperature limits oD + 0*001° C in the therm ostat will be associated with AT* values not greater than 5 x 10-6° C inside the stillhead. The corresponding osmotic-pressure errors, as deduced from equation (33), will never exceed ± 0*03 mm. Hg.
Such errors are unimportant for substances with molecular weights of the order of 50,000 or less; and the averaging out of the temperature aberrations during each distillation would probably permit us to extend the useful molecular-weight range to even higher values. B ut if polymers with molecular weights of the order of several hundred thousand are to be examined, the effect of this small residual error becomes relatively more important. Fortunately, it can be evaluated quantitatively so th a t it can be converted into a correction term, with the help of the exact equations developed by Callender (1946) for heat flow in such a system. His work has shown th a t the parasitic internal temperature differences can be evaluated provided th a t we know the course of the bath temperature as a function of time, and the two time constants of the Dewar-jacketed stillhead. Both these constants have been deter mined, and the bath temperature can be followed in any experiment with the help of the platinum resistance thermometer circuit, so the method is a feasible one. Its practical realization has been simplified by the construction of a simple differential analyser, which was developed from Callender's double-hatchet planimeter. This instrument scans the plotted bath-temperature curve and generates the curves for the solvent and solution temperatures from which AT* can be worked out as a function of time. The corresponding values for (n -n*) or ( *) are then easily worked out from the error equations which have already been given, and the appropriate corrections can then be added to the observed drag values.
In subsequent papers, fuller details will be given of the experimental aspects of this work. The theoretical subject-matter has been presented first in order to clarify the unusual features of the design which followed from its application, and it is hoped th at the quantitative nature of the theory will stimulate further experimental work in this field.
The author is greatly indebted to Mr A. Callender for his generous assistance and advice on many problems which arose during the development of the underlying theory.
